White-matter hyperintensity (WMH) is frequently seen in magnetic resonance imaging (MRI), but the complete physiopathology of WMH remains to be elucidated. In this study, we sought to determine whether there is an association between the maximum brain tissue displacement (maxBTD), as assessed by ultrasound, and the WMH, as observed by MRI. Nine healthy women aged 60 to 85 years underwent ultrasound and MRI assessments. We found a significant negative correlation between maxBTD and WMH (r ¼ À 0.86, Po0.001), suggesting a link between cerebral hypoperfusion and WMH.
INTRODUCTION
White-matter (WM) hyperintensity (WMH) is interpreted as representing lesions or rarefaction of the WM, also referred to as leukoaraiosis. It is frequently observed in T2-weighted magnetic resonance imaging (MRI) images and becomes more common with age. 1 However, many studies have reported that WMH is associated with pathologic conditions such as cognitive impairment, 2 gait disorders, and depression. 3 Some studies have found that decreased cerebral blood flow (CBF) and local or general arteriopathy are associated with the development of WMH. [4] [5] [6] However, little is known about the physiologic processes that lead to WMH, possibly because WMH is mainly investigated by MRI, which has certain limitations. For example, MRI is sometimes not well tolerated by patients because it requires them to be confined in a small space. It is also costly and has limited spatio-temporal resolution.
An innovative technique, referred to as ultrasound tissue pulsatility imaging (TPI), has been developed to assess the pulsatility of soft tissues and has been used to characterize brain tissue pulsatility. [7] [8] [9] Brain TPI is performed by recording consecutive ultrasound images of the natural movements of the brain in echo-B mode, with a transcranial probe positioned on the temporal window of the skull. Signal acquisition follows classic echography standards, but special signal processing is needed to accurately assess the amplitude of the pulsatile movements of the brain. Pulsatile movements of the brain tissue are mainly caused by CBF; variable blood volume causes the brain to expand and relax over the course of the cardiac cycle, 10 and brain TPI is therefore thought to be related to cerebrovascular functioning and CBF regulation.
Tissue pulsatility imaging is a fast, portable, inexpensive, and noninvasive technique that can be applied to subjects in settings that are unsuitable for the use of neuroimaging techniques typically used for CBF assessment. Moreover, unlike the Doppler technique, which assesses blood velocity in only one large vessel, the TPI technique allows the assessment of cerebrovascular reactivity for a large volume of parenchyma (B100 cm 3 ) in each acquisition, including the reactivity of both large and small arteries in the region of interest (ROI). Tissue pulsatility imaging assesses local CBF and cerebrovascular reactivity more precisely than other neuroimaging techniques. Moreover, TPI is much more suitable for routine use, as setup and acquisition take no 415 minutes.
In this study, we aimed to compare WMH and brain tissue displacement (BTD) in healthy elderly volunteers. We hypothesized that greater WMH would correspond to lower BTD, suggesting that a decreased CBF is associated with greater WMH.
MATERIALS AND METHODS Subjects
Thirteen healthy volunteers were recruited from the local community by advertisement. All subjects were female and between the ages of 65 and 85 years. Only females were recruited to reduce variability; previous findings indicated significant differences in cerebrovascular impairment between age-matched males and females. 11 The exclusion criteria were the presence of a neurologic disorder (stroke and cognitive deficits), suspected dementia (score on the Mini Mental State Examination below 26), any acute disease in the last 3 months, undernutrition or malnutrition (body mass indexo21 kg/m 2 ), cardiovascular and/or respiratory disease (hypotension, arrhythmia, and heart failure), use of central analgesics, and contraindication for MRI. Clinical and cognitive assessments were performed by a physician from a memory clinic (to ensure the absence of neurologic and cognitive disorders). Informed consent was obtained from all subjects, and the study protocol was approved by the local human ethical committee. Four of the thirteen participants were excluded because of major intracranial abnormalities found by MRI and poor-quality TPI data (thick temporal bone). Thus, only nine subjects were selected for the study. This study was approved by the Ethics Committee CPP 'Comité de Protection des Personnes de Tours, Ré gion Centre' and AFSSAPS 'Agence Franc¸aise de Sé curité Sanitaire des Produits de Santé ' (reference 2009-B91447-80) and was performed in accordance with the Declaration of Helsinki.
Ultrasound Protocol
The ultrasound recordings were performed using an Antares medical scanner (Siemens Healthcare, Paris, France) by a single biophysics technician who was blinded to the MRI results. Transcranial acquisitions were performed with a PX4-1 phased-array transducer (Siemens Healthcare) with a central frequency of 2.5 MHz, a 901 field of view, and 96 Â 3 elements (1.5 D). Measurements were performed through the right temporal bone window with the probe positioned perpendicularly to the skull in a mechanical holder to reduce artifacts caused by movement of the operator or the subject. Color Doppler was used to position the ultrasound beam on the middle cerebral artery. With this configuration, we were able to explore the entire right side of the brain in the transverse plane, from the glabella to the opisthocranion. In this work, the ultrasound ROI represents the global ultrasound measurement area in the brain and was chosen between 1.5 and 7 cm to avoid both phase aberrations near the skull and ultrasound attenuation (see Figure 2 ). All subjects were asked to sit and remain quiet during the recording time. For each subject, the protocol consisted of seven consecutive acquisitions of 6 seconds each, during which imaging data were collected for the ROI. The acquisition frame rate was 30 images/s (total of 180 frames). The acquired data were then downloaded for offline analysis with the MATLAB software (The Mathworks, Inc., Natick, MA, USA). The Siemens Axius Direct Ultrasound Research Interface provided direct access to beam-formed radiofrequency lines, which were used to estimate the displacement of brain tissue.
Brain tissue displacement was estimated using a 1D-intercorrelation method. The maximum of the normalized intercorrelation function was used to estimate the delay between ROIs on ultrasound radiofrequency lines. The correlation coefficient was fixed at 0.7, and the range was 0.7 to 0.99. A kernel size of 4 wavelengths was chosen. Further signal processing by parabolic interpolation was performed to reduce the noise level of the correlation function to 0.8 mm. 9, 12 An overlap rate of 80% between spatial kernels was used to improve the axial resolution, resulting in an axial resolution of 0.24 mm. Brain tissue displacement was measured along the ultrasound beam axis. The slow movement caused by respiration has a magnitude on the order of 300 mm, and this movement needs to be filtered out. A bandpass filter was used to focus on displacements related to heart rate; the low cutoff frequency was fixed at 0.6 Hz to eliminate slow movements, such as those induced by respiration, and the high cutoff frequency was fixed at 10 Hz to eliminate rapid displacements. The amplitude of displacement was estimated from an ROI near the middle cerebral artery for each spatial point. The peak-to-peak amplitude was then calculated between the maximum and the minimum displacement. The estimation of maximum BTD (maxBTD) for each subject was computed based on the seven acquisitions. The mean absolute displacement and the standard deviation were then calculated for all subjects.
Magnetic Resonance Imaging Protocol
Once the measurements by ultrasound were performed, the operator placed a mark on the skin of the subject at this level. Then, the MRI was performed with a vitamin E capsule (hyperintense on MRI) positioned at the skin mark. The MRI recordings were performed under the supervision of a senior neuroradiologist, who was unaware of the TPI results, using a 1.5-Tesla General Electric HDx (GE Medical System, Paris, France). Fluid attenuated inversion recuperation T2, T2-weighted spin-echo, and highresolution T1-weighted MRI 3D volumes were acquired with voxel sizes of 1 Â 1 Â 5 mm and 1 Â 1 Â 1.3 mm, respectively. The WMH analysis, including a visual and volumetric analysis, was performed by two neuroradiologists using the MRIcro software (v. 1.37, freeware, courtesy of Chris Rorden) 13 and the fluid attenuated inversion recuperation sequence. Three ROIs were located manually in a healthy WM ROI for each subject to obtain a mean intensity. The hyper-signal threshold used to distinguish WMH from healthy WM was more than three times greater than the mean value. Visual analysis of each section allowed us to eliminate gaps volume. The WMH volume was normalized by the total intracranial volume to correct for variations in head size. The relative volume of WMH% is more accurate for the comparison of the leukoaraiosis load among subjects.
Statistical Analyses
The correlation coefficient was estimated using a nonparametric Spearman test. The null hypotheses tested were that the variables were independent. Correlation was considered as significant when the P value was o0.05. Table 1 shows the age, WMH volume, and the level of BTD for the nine selected subjects. The mean absolute WMH and WMH% volumes were 10.24 ± 6.42 cm 3 and 0.49 ± 0.32%, respectively. The mean maxBTD score was 80.42±20 mm. Figure 1 shows the maxBTD as a function of WMH%. A significant negative correlation was found between BTD and WMH% (r ¼ À 0.86, Po0.001). The mean value of BTD was correlated with WMH% (r ¼ À 0.72, Po0.001). Ultrasound images for the two extreme cases are shown in Figure 2 . In the left image, the subject with the highest BTD (112 mm) had a WMH% volume of 0%. In the right image, the subject with the lowest BTD (53 mm) had a WMH% volume of 0.73%. The two BTD images were estimated at the peak of the systolic cycle.
RESULTS

DISCUSSION
Although the anatomopathologic significance of WM changes has not been completely elucidated, a strong association among WMHs, vascular risk factors, and vascular disorders has been proven. 3 In elderly subjects, WMHs may be considered as a normal aging phenomenon. However, from the clinical point of view, WMHs have been associated with cognitive, motor, and neuropsychiatric symptoms, and the real impact of the WMH load on brain function remains a research focus. The signal abnormalities observed on MRI represent a morphologic marker of leukoaraiosis, which may reflect the tip of the iceberg. There is a lack of functional biomarkers to measure the real impact of this microangiopathy.
The main result of this study was the significant negative correlation between the maximum magnitude of cerebral tissue pulsatility measured by ultrasound (TPI) and the WMH volume measured by MRI. The results are promising regarding the characterization of subjects with global cerebrovascular changes by TPI. Changes in natural brain pulsatility have been studied previously, and such changes are reported to be related to the quality of cerebral tissue perfusion 14 and the regulation of brain activity. 7 Other MRI studies have correlated WMH with fibrohyalinotic vessels, 15 which are associated with a significant decrease in the CBF observed by ultrasound. 5, 6 The significant negative correlation between maxBTD and WMH that we observed could be due to the astrogliosis and fibrohyalinotic vessel changes found in the WMH area. Thus, the maxBTD assessed by ultrasound could represent a new and promising functional biomarker for leukoaraiosis, which is more relevant to the pathologic conditions than MRI for the prognosis of vascular diseases and therapeutic effects.
However, the current study has various limitations. For example, the number of subjects included was small, and data on brain tissue pulsatility were assessed only in the right hemisphere. There is, however, no evidence to suggest that brain tissue movement is different in the two hemispheres, and all the subjects studied were right handed. Despite these limitations, TPI appears to be a promising technique with which to assess brain disorders associated with WMH and any related vascular components. However, this pilot study needs to be replicated with a higher frame rate to improve the time resolution and with neuronavigation to increase the reliability of the measurements. These results will motivate further studies of brain pulsatility in patients with a high volume of WMH (e.g., Alzheimer's, ischemia, and dementia). As shown in Materials and methods in this study, TPI may become a complementary method to MRI. The next step of our study will be the comparison of results from volumetric WMH, TPI, and arterial spin labeling in subjects with Alzheimer's disease. We plan to improve TPI processing to access mechanical parameters, such as brain tissue elasticity, by using intrinsic ultrasound strain imaging. Figure 2 . Axial images representing the brain tissue displacement (BTD) images overlaid on magnetic resonance (MR) images of subjects 2 and 4, reconstructed in parallel with the ultrasound images. For patient 4 (left image), the relative white-matter hyperintensity (WMH) volume was 0%. For patient 2, who had significant WMH (arrows), the relative WMH volume was 0.91%. The color scale indicating BTD amplitude ( À 60 to þ 60 mm) is shown on the far right. ROI, region of interest.
